Abstract-The accumulation of Cd, Pb, Zn, and Cu in the starfish Asterias rubens was studied in a Norwegian fjord characterized by a gradient of metal pollution in the sediments, ranging from very high metal concentrations at its head to much lower levels at its opening. The concentrations of metals in starfish from natural populations along the gradient (long-term accumulation) and in starfish that were transferred up the gradient (short-term accumulation) were compared. At long-term, Cd and Pb accumulations by starfish living at normal salinity (30‰) were related to the level of contamination of the environment while Cu and, to a lesser extent, Zn accumulations appeared strictly controlled. At short-term, Pb was accumulated steadily, Cd and Zn were accumulated transiently in the pyloric caeca (fast compartment), and Cu was not accumulated at all. Depuration experiments (transfer down the gradient) showed that Cd and Pb were efficiently eliminated from the pyloric caeca but not from the body wall (slow compartment). It is concluded that Pb is chronically accumulated, without apparent control, Cd is subjected to a regulating mechanism in the pyloric caeca which is overwhelmed over the long-term; Zn is tightly controlled in the pyloric caeca and Cu in both pyloric caeca and body wall. A distinct color variety of starfish is restricted to the low salinity (22-26‰) superficial water layer. This variety showed a different pattern of metal accumulation over the long-term. This pattern is attributed to the particular hydrological conditions prevailing in this upper layer.
INTRODUCTION
Heavy metals originate mainly from urbanized and industrialized regions and eventually enter the marine ecosystem via rivers and the atmosphere [1] . Since they have a high affinity for the solid phase, they rapidly adsorb on suspended particles and organic matter that in turn settles on the marine bottom as they reach coastal and estuarine areas. As a consequence, the sediments in these areas form a reservoir of possibly bioavailable metals that can be released in the water column, generating a secondary contamination source for benthic organisms [2] . The toxicity of several metals makes it necessary to determine both the transfer of metals from the sediments to the organisms and the effects of these contaminants on biota. These aspects have been extensively studied in the mussels, making them paradigmatic bioindicators and prompting their use in biomonitoring studies [3] . However, in order to have a more comprehensive picture of the impact of a contamination, organisms at other trophic levels or belonging to other taxa with a different physiology have to be studied [4] . Among these, the starfish Asterias rubens has received some attention considering its ecological importance and availability in some marine benthic ecosystems [5] . This starfish is a top-predator (feeding mainly on bivalve mollusks) and a scavenger (feeding on corpses), using extra-oral digestion (i.e., the stomach is evaginated and the prey is lysed outside the animal; lysis products are internalized by currents generated by the stomach ciliae). Contaminations of A. rubens by metals have been studied in short-term experimental conditions and in natural populations [6] [7] [8] [9] [10] [11] [12] [13] . Metals are adsorbed from both * To whom correspondence may be addressed (gcoteur@ulb.ac.be).
food and seawater while sediments may act as a source of metals [6] [7] [8] [9] [10] [11] [12] [13] . The impact of metals on several physiological functions of this species was assessed either by short-term aquarium contamination experiments, using rather high metal concentrations [7, [14] [15] [16] [17] or by sampling natural populations and trying to correlate the impairment of some functions with the levels of contaminants measured in the animals [18, 19] . The interpretations of results generated by these approaches are raising problems. On the one hand, short-term experiments are usually flawed by the rather high levels of contaminants used, making their environmental relevance weak. On the other hand, the study of natural populations is often complicated by the multiple contaminants usually encountered in the field, not all of them being actually monitored. A possible solution to such problems is to work in a hot spot of contamination where the concentrations of only a few contaminants are significantly increased and present a gradient from the source. The Sørfjord, in Norway, offers such an opportunity.
Wastes from three smelters, built in the innermost part of the fjord, were discharged in this area for more than 60 years. Total discharges for Zn, Pb, and Cd in the Sørfjord in 1980 were, respectively, 1387, 329, and 14.6 tons [20] . These inputs have been significantly reduced from 1986. A remedial action was also taken in 1992 to limit the release of metals from the sediments by capping the most contaminated shallow sediments near one of the ore smelters with an impermeable membrane. Nevertheless, the Sørfjord still remains one of the most contaminated areas in Europe and is characterized by a gradient of metal contamination from the head of the fjord toward its opening into the Hardangerfjord [12, 21, 22] . Concentrations of mercury in fish and those of cadmium and lead in mussels from the Sørfjord resulted in public advisories to regulate human consumption [21] . Populations of A. rubens occur subtidally all along the fjord, including in the highly contaminated head of the fjord. A preliminary study showed that metal concentrations in the starfish decreased from the populations at the head to those at the opening of the fjord [12] . Alkaline phosphatase activity was impaired and metallothionein synthesis induced in the populations of the head of the fjord [16] .
The Sørfjord is also characterized by a vertical water stratification with an upper layer at low salinity and a deeper layer whose salinity is close to that of seawater; these two layers are separated by a halocline. Starfish occur in both layers, offering the opportunity to determine the effect of salinity on metal contamination in this species.
In this study, we investigated the contamination of Asterias rubens by metals and the effects of these on the immune system of the starfish [23] . We took advantage of the gradient of metal contamination in the Sørfjord. We studied starfish experimentally transferred along the gradient (short-term contaminations and depurations) and starfish from populations that naturally occur along the fjord (long-term contaminations) and along the salinity stratification. Part 1 of this study investigates the mechanisms of metal accumulation in different starfish groups in the field. It is also the basis for Part 2, which is dedicated to the toxicity of the accumulated metals.
MATERIAL AND METHODS

Study area and sampling sites
The Sørfjord, located in Southwest Norway, is about 38 km long, 1-3 km wide ( Fig. 1) and maximum 390 m deep. The four selected sampling sites are those sampled by Temara et al. [12] (Fig. 1, Table 1 ). The S1 sampling site is located close to the head of the fjord (namely Odda), near the Norzink A/S zinc smelter. The second site, S2, is near Apold, in front (and 4 km north) of Tinfos K/S titanium/iron smelter. Site S3 is situated near Hovland and S4 in the neighboring Hardangerfjord toward the open sea. A third factory is located in Odda (Odda Smelteverk A/S, calcium carbide-producing plant).
In spring and summer, the Sørfjord upper waters are characterized by a vertical stratification with an upper layer whose salinity progressively increases downwards from 7 to 26‰ (due to the thawing of the Folgefonna glacier) and a deeper layer having a salinity between 29 and 34‰. The halocline between these layers is usually found between 8 and 10 m depth. This vertical stratification is present all along the fjord ( [24] personal observations). All samplings and experiments presented in this article were carried out between May 21 and June 19, 2000.
Contamination gradient study
In order to characterize the gradient of metal contamination, sediment samples were taken by self-contained breathing apparatus (scuba) divers below the halocline in each of the four sites by using a polyvinyl chloride corer. The top 5 cm layer of these sediments was collected in polyethylene containers. These samples were stored at Ϫ20ЊC and then dried (60ЊC for 2 d) before analysis (see below).
Two distinct color varieties of Asterias rubens were found in the Sørfjord: A black variety and the classical red variety. Besides the clear-cut difference in color, black starfish have a more developed skeleton than red starfish (i.e., their body wall is more calcified). The two varieties also differ in term of bathymetric distribution. Black starfish live only above the halocline while red starfish are found both above and below the halocline. Consequently, three groups of starfish were considered separately in this study: Red starfish collected at high salinity (29-31‰, subsequently termed R30); red starfish collected at low salinity (22-26‰, subsequently termed R22-26) and black starfish collected at low salinity (22-26‰, subsequently termed B).
In each of the four stations, 5 starfish (5-7-cm arm length, measured from arm tip to mouth) of each group were collected 2138 Environ. Toxicol. Chem. 22, 2003 G. Coteur et al. by scuba divers who placed them in tanks filled with their surrounding water. These tanks were then hermetically sealed before being taken up to the surface. This avoids starfish to be subjected to an osmotic shock due to the vertical gradient of salinity. These starfish were brought to the laboratory (located in Nå, Fig. 1 ) and immediately dissected. Two body compartments (pyloric caeca and body wall) were separated, dried (60ЊC for 2 d), and stored for metal analysis (see below). The pyloric caeca are digestive and storage organs extending in each of the five starfish arms and connected to the central digestive tract (CDT). They were cut just before the connection with the CDT and torn apart by cutting the mesenteries that suspend them into the coelomic cavity.
Experimental contamination and decontamination
Transfer of starfish from the reference site S4 to the most contaminated site S1 (contamination) and vice versa (decontamination) were undertaken with R30 starfish. For the contamination experiment, 30 starfish were collected in S4 (between 11 and 13 m depth, 30‰), brought back to the surface as described above and immediately transferred in cages (L47 cm ϫ W34 cm ϫ H23 cm, 10 starfish/cage) at 17 m depth (30‰) in S1 (experimental starfish). The same number of starfish were taken in S4 and put in cages at 11 m depth in S4 (caging controls). Starfish were fed with mussels from the site at which they were caged. The mean metal concentrations measured in the soft tissues of these mussels were, for Cd, Zn, Pb, and Cu, respectively: 70.6, 373.1, 276.9 and 9.7 g/ g Ϫ1 dry weight in S1; and 6.9, 159.7, 6.8, and 5.8 g/g Ϫ1 dry weight in S4. Five starfish were collected in S4 at the beginning of the experiment (day 0 control). Then, 5 starfish were collected in the cages in each site (in S4 for caging controls and in S1 for experimental starfish) at days 2, 4, 7, 12, 18, and 24, and processed, as described above, for metal analysis (analyses are described below).
For the decontamination experiment, 10 starfish collected in S1 (between 12 and 20 m depth, 29-31‰) were caged in S4 (11 m depth, 30‰) (experimental starfish) while the same number of starfish from S1 was caged in S1 (17 m depth, 30‰) (caging controls). Starfish were fed with mussels from the site at which they were caged. Five starfish were collected in S1 at the beginning of the experiment (day 0 control). Then, 5 starfish were collected in each site (in S1 for control and in S4 for experimental starfish) at days 3 and 10 and processed, as described above, for metal analysis (analyses are described below).
Metal analyses
Metal concentrations were measured in the whole sediments and in the pyloric caeca and body wall of starfish.
A known amount (about 0.25 g) of the dried samples were mineralised by the high-pressure microwave method using a Milestone 1200 mega microwave oven, according to the manufacturer's instructions. Briefly, 2.5 ml of Suprapur HNO 3 (Merck Eurolab, Leuven, Belgium) and 1 ml of 30% Suprapur H 2 O 2 (Merck Eurolab) were added to Teflon containers containing the dried samples. These containers were then placed in the oven and subjected consecutively to 250W (6 min), 400W (6 min), 800W (6 min), and 300W (6 min), and left to cool down for 5 min. The samples were then filtrated on glass microfiber filters (1.6 m mesh size, Whatman International, Maidstone, UK) and Milli-Q water (Millipore, Brussels, Belgium) was added to obtain a final volume of 25 ml.
Metal concentrations in sediments and starfish samples were analyzed by graphite furnace electrothermic atomic absorption spectrometry (EAAS) for Cd, Cu, and Pb, and by flame atomic absorption spectrometry (FAAS) for Zn.
For EAAS, chemical modifiers (final concentrations: 0.018% Pd, 0.009% Mg, and 0.009% P) were added to the samples for Cd and Pb concentration measurements. The absorbance (with background correction) was measured using a Varian (St.-Katelijne-Waver, Belgium) GTA100 SpectrAA 640Z spectrometer. The results were obtained by measuring the surface of the absorbance peak and by comparing the data with a calibration curve (carried out by the dose addition method over a certified reference material-mussel soft tissue powder, BCR NЊ 278R; from the Community Bureau of Reference, Commission of the European Communities, Brussels, Belgium). For FAAS, the absorbance (with background correction) was measured using a GBC 906AA spectrometer. The results were obtained by measuring the surface of the absorbance peak and by comparing the data with a calibration curve (carried out by dose-addition over a saline solution). The accuracy was checked using the BCR NЊ 278R certified reference material.
Each analysis was done in triplicate; reproducibility was always below 10% residual standard deviation for experimental samples and below 3% residual standard deviation for the certified reference material. Analyses of the certified reference material were always within 10% of the certified value.
Statistical analyses
For the contamination gradient study (long-term accumulation), a first approach was to test for (and identify) significant differences in metal concentrations in sediments and starfish body compartments between stations. This was carried out using one-way analysis of variance followed, when significant, by the multiple comparison test of Tukey. Eventually, the relationships between starfish and sediment contaminations were studied by linear regressions [25] .
For the contamination and decontamination (short-term) experiments, differences between caging controls and experimental starfish at each exposure time (namely the effect of contamination or decontamination) were tested by Student ttests (using separate variances) [25] .
All analyses were performed using the Systat software [26] . The significance level was set at ␣ ϭ 0.05.
RESULTS
Metal concentrations in sediments and starfish along the Sørfjord
Metal concentrations in the total sediments were analyzed in the four stations in order to confirm the existence of a metal contamination gradient in the sediments along the Sørfjord. Cadmium concentrations were significantly higher in S1 compared to the three other stations ( Fig. 2A) . Zinc concentrations showed a more gradual decrease from S1 to S4, with sediments in S2 and S3 showing intermediate concentrations (Fig. 2B) . For copper and lead, S1 and S3 were the most contaminated stations compared to S2 and S4 ( Fig. 2C and 2D) .
Metal concentrations in the pyloric caeca and body wall of starfish belonging to the three groups described above were analyzed in the four stations along the fjord (Table 2) . In B starfish, the Cd concentrations in the two body compartments and the copper concentrations in the body wall did not differ Table 2 . Metal concentrations in the pyloric caeca and body wall (means and standard deviations, n ϭ 5, g g Ϫ1 dry wt) of three groups of starfish collected in the sampling sites (S1 to S4; see Table 1 significantly along the stations (Table 3) . Copper concentrations in the pyloric caeca were higher in starfish from S2 in comparison with S3 and S4. All other metal concentrations were significantly higher in S1 starfish compared to S3 and S4 starfish except Zn in the pyloric caeca (Table 3) . In R22-26 starfish, the copper concentrations in the two body compartments and the zinc concentrations in the pyloric caeca did not differ significantly along the stations (Table 3 ). All other metal concentrations were higher in S1 starfish compared to S4 starfish (S2 and S3 starfish either being similar to those in S4 or having intermediate values) (Table 3 ).
The contamination of R30 starfish was similar to that of R22-26 starfish: The copper concentrations in the two body compartments and the zinc concentrations in the pyloric caeca did not differ significantly along the stations while all other metal concentrations were higher in S1 starfish compared to S4 ones (Table 3) .
Hence, B starfish present some particularities in their contamination profile along the fjord compared to red (mainly R30) starfish. One of these particularities is the absence of a contamination gradient for cadmium in B starfish. This observation does not reflect a low contamination of B starfish in S1 but instead a moderately high contamination all along the fjord (Fig. 3) . The contamination of B starfish is rather constant and intermediate between the very high contamination in S1 and the low contamination in S4 observed for R30 starfish (Fig. 3) . Consequently, the body wall of B starfish from S4 is significantly more contaminated by Cd compared to that of R30 starfish (p Tukey ϭ 0.040). The same trend is observed for Cd concentrations in the pyloric caeca of both groups in S4 although this is poorly significant (p Tukey ϭ 0.049). The R22-26 starfish appeared intermediate in this respect: They showed a gradient of contamination along the stations but of less amplitude than for R30 starfish (Fig. 3) . As a consequence, their Cd contamination level in S4 is neither different from that of R30 starfish nor from that of B starfish.
The ability of A. rubens to reflect the contamination of the environment was estimated by analysing the relationships between metal concentrations in the sediments and those measured in the R30 starfish (the starfish that were collected at the same depth as the sediments) using linear regressions. Among the two body compartments, the body wall reflected the contamination of the sediments more accurately than the pyloric caeca (Table 4 ). The regressions between body wall and sediment contaminations were significant for all metals (p Ͻ 0.001) except copper (p ϭ 0.159) ( Table 4 ). The relation-G. Coteur et al. Zn-BW Ͻ0.001 S1 S2 S3 S4 0.003 S1 S2 S3 S4 Ͻ0.001 S1 S2 S3 S4 a NS ϭ not significant; PC ϭ pyloric caeca; BW ϭ body wall. ships were the strongest for cadmium and lead concentrations in the body wall (r 2 Ն 0.778) ( Table 4 , Fig. 4 ).
Metal accumulation in starfish transferred up the contamination gradient
In order to investigate the accumulation of metals in starfish on a short-term period, R30 specimens were transferred from the reference station S4 to the most contaminated site S1 (at 30‰). Controls consisted in starfish from S4 caged in S4. No significant accumulation of copper was observed neither in the pyloric caeca nor in the body wall (data not shown). Lead was accumulated in both body compartments although slower in the body wall (the concentrations in this compartment remained far below those of S1 starfish) ( Fig. 5A and 5B). The accumulation in the body wall was steady while that in the pyloric caeca (two-fold higher than in the natural population in S1) showed some signs of saturation (or slight decrease) at the end of the experiment. Cadmium concentrations in the pyloric caeca increased over controls during the first days of contamination, exceeding two-fold the concentrations observed in starfish living in S1 (Fig. 5C) . Thereafter, the Cd concentrations decreased, eventually reaching control levels. No significant accumulation of cadmium in the body wall was observed, the cadmium concentrations remaining far below those of the natural population in S1 (Fig. 5D) . A similar pattern was observed for zinc concentrations: An accumulation in the pyloric caeca during the first days of contamination (exceeding the contamination levels found in the natural population in S1) followed by a (slower) decrease until reaching start-point values (Fig. 5E ). Zinc was not significantly accumulated in the body wall (Fig. 5F ).
Metal depuration in starfish transferred down the contamination gradient
The R30 starfish from the most contaminated site S1 were transferred to the reference site S4. Site S1 starfish caged in S1 served as controls. A significant decrease in the concentrations of cadmium and lead occurred in the pyloric caeca of starfish transferred down the gradient (Table 5 ). This decrease was about three-fold after 10 d: From 5.5 to 1.7 g/g Ϫ1 dry weight (dry wt) for Cd and from 9.7 to 3.1 g/g Ϫ1 dry weight for Pb. No significant depuration was observed in the starfish body wall (Table 5) . Zinc in the body wall was slightly elevated in transferred starfish over controls at day 3; this is due to a decrease in Zn concentrations in controls rather than to an increase in experimental starfish (data not shown).
DISCUSSION
Metal contamination levels in the Sørfjord
The present study confirmed the existence of a gradient of metal pollution in the sediments from the head of the Sørfjord to its mouth. Concentrations of metals were, however, lower than those reported by Skei [22] in samples taken in 1992, indicating that the reductions in waste discharges actually improved the environmental quality of this fjord. The largest (A and B) , cadmium (C and D), and zinc (E and F) (means ϩ standard deviations, n ϭ 5) in the pyloric caeca (A, C and E) and body wall (B, D and F) of experimental starfish (transferred up the gradient from S4 to the S1, black dots) and control starfish (collected in S4 and caged in S4, white dots). The mean concentrations measured for R30 starfish sampled in the natural population in S1 are also indicated (straight lines) (see Table 2 ). * Significantly different from the corresponding control. See Figure 1 for site locations.
decrease was observed for zinc (12-to 14-fold) and copper (6-to 8-fold) while lead decreased by a factor 2 to 4. Sediment cadmium concentrations in S2 were lower in our study but similar (if not higher) in S1 compared to the study of Skei [22] . Despite the decrease in contamination, the concentrations of Cd, Pb, Zn, and Cu in the total sediments of S1 are still one to two orders of magnitude higher than the North Sea background levels [21] and for Cd, Pb, and Cu, they exceed the upper limit of the ecotoxicological assessment criteria (concentrations of a substance below which no harm to the environment or biota is expected) by a factor 2 (Cu) to 14 (Pb) [27] . The zinc concentrations in S1 are close to the upper limit of the ecotoxicological assessment criteria. In contrast to the S1 station that can be considered as a hot spot, the S4 station is characterized by considerably lower metal concentrations and can be regarded as a reference station for this study. While S1 and S4 are clearly opposite in terms of metal contamination, the positions of the S2 and S3 stations in the contamination gradient depended on the considered metal. For Cd and Zn, these stations either had an intermediate position between S1 and S4 or they were close to the S4 station. For Cu and Pb, the contamination level of the S3 station was close to that of S1. The latter observation could be related to the fact that the fine fraction (grain-size Ͻ63 m) of the sediments is enriched in Cu and Pb in the S3 station (data not shown). This probably reflects water mass circulation patterns that determine the deposition of copper-and lead-enriched fine particles in this station. Indeed, S3 is the only station located on the east side of the fjord (Fig. 1) . Since, water masses enter the fjord on the west side and leave it on the east side, the latter is often found to be more contaminated than the former (A. Maage, Alex Steward Environmental Services, Odda, Norway, unpublished data). This may also result in S3 being submitted to additional sources of contamination than the other stations. This could explain why the fine-grained fraction of the sediments in S3 is enriched in copper and lead compared to other stations.
The metal contamination of starfish from the Sørfjord was measured in 1995 by Temara et al. [12] . These authors did not notice color forms and sampled the animals below the halocline [12] . Hence, it can be reasonably assumed that their samples correspond to the R30 starfish considered during this study. Starfish were taken more or less at the same time of the year (i.e., August vs June) in both studies and were in the same reproductive status (i.e., post-spawning stage). Although different methods of acid digestion or atomic absorption spectrophotometry (or both) were used in these two studies, the accuracy of each method was checked with the same certified reference material or internal standards; results are thus directly comparable. Surprisingly, the metal concentrations in the body wall of starfish measured in both studies are similar (or even increased for cadmium and zinc in S1) from 1995 to 2000. In the pyloric caeca, the concentrations of cadmium, lead, and especially zinc were elevated in this study compared to the 1995 data. Hence, it appears that, although the contamination of the total sediments decreased from 1992 to 2000, the opposite is found for the contamination of starfish from 1995 to 2000 (the starfish sampled in 1995 were 4 to 7 years old, and would reflect the sediment contamination reported for 1992). Paradoxically, the largest decrease in contamination of the sediments was observed for zinc while the concentrations of this metal show the largest increase in the starfish. It remains unclear to which factor this increasing contamination of starfish is due. Some physical or biological factors in the fjord might have contributed to an increase in the bioavailability of sediment-associated metals, thereby compensating the decrease in concentrations.
Mechanisms of metal accumulation in starfish
Concentrations of Cd and Pb in the body wall and pyloric caeca of R30 starfish in the Sørfjord reflected the contamination gradient found in the sediments. On the contrary, accumulation of Cu in both organs and of zinc in the pyloric caeca is independent of the contamination gradient. Furthermore, relationships between contamination of the starfish and that of the sediments was stronger for the body wall than for the pyloric caeca. This indicates that, over the long-term, Cd and Pb are effectively accumulated in the starfish body while Cu and, to a lesser extent, Zn accumulations are regulated. (Alternatively, Cu could be unavailable to starfish in the Sørfjord). Relationships between Cd and Pb concentrations in the body wall and in the sediments indicate that this compartment is a good indicator of Cd and Pb contaminations over the long-term.
During short-term experiments, significant accumulation in the body wall was found only for lead while three of the four metals were significantly accumulated in the pyloric caeca of R30 starfish. This confirms in the field the time scale at which each body compartment integrates the contamination [12] : A period of 24 d allows an accumulation of metals in the pyloric caeca but appears insufficient to observe an increase in metal concentrations in the body wall except for Pb, most probably reflecting the high affinity of this metal for the skeleton [13] . This suggests that, in the present study, Cd and Zn are preferentially absorbed by A. rubens from its food.
In the pyloric caeca, Pb was accumulated steadily, Cd and Zn were accumulated transiently, and copper was not accumulated at all. This agrees with the long-term accumulation study and confirms that copper concentrations are tightly controlled or not bioavailable in R30 starfish in the Sørfjord. Cadmium and zinc had two-phase accumulation kinetics in the pyloric caeca; a first drastic increase in the concentrations (even exceeding those found in the long-term study) followed by a gradual decrease. These brief fluctuations in metal uptake (or loss) may account for the weak relationship between the sediments and pyloric caeca contamination levels. The ability of A. rubens to regulate internal metal concentrations has already been shown for cadmium [6, 11, 15] ; the concentrations rise until reaching a plateau. The value of this plateau is proportional to the contaminant concentration but does not exceed 10 g/g Ϫ1 dry weight [7, 11] . This value appears to be a maximum in the pyloric caeca and protective mechanisms were suggested to prevent accumulation above this level [11] . Interestingly, in this study, cadmium concentrations began to decrease at the time this value was reached. It is probable that a protective mechanism is triggered at this key-level. In the present case, this mechanism caused a decrease in Cd concentrations instead of a classical stagnation previously observed during laboratory experiments [7, 11] . The exact nature of this regulating mechanism and the reason why it appears more powerful in the field compared to laboratory experiments remain unknown. Temara et al. [11] suggested that excess cadmium in the pyloric caeca were translocated in the body wall were it was slowly incorporated in the skeleton. This appears not to be the case in this study since no parallel accumulation was found in the body wall during the decrease in the contamination of pyloric caeca. Since starfish were in postspawning status, the gonads were almost nonexistent and can not account for a hypothetical translocation. The central digestive tract and the circulating cells in the coelomic fluid never contribute for a significant load of metals in echinoderms [28, 29] and it is improbable that they accounted for the storage of such a high load of cadmium. However, metal-loaded coelomic cells were shown to migrate to the exterior of the organism [30] [31] [32] . The turnover of these cells could account for a significant loss of metals from the organism. Moreover, other mechanisms of metal elimination were demonstrated such as the excretion of iron in the form of particles in the gut of sea urchins [33] . Since the pyloric caeca of A. rubens contain metallothioneins and that these proteins have a high affinity for Cd and Zn [7, 16] , it is probable that the translocation or elimination (or both) of these metals occur through their binding on metallothioneins. Whatever the mechanism involved in the Cd concentrations decrease, it appeared to be overwhelmed over the long-term since the concentrations of Cd were higher in the pyloric caeca of S1-collected starfish than in S4 starfish.
The zinc concentrations followed the same pattern than that observed for Cd. Hence the accumulation of Zn would be subjected to the same accumulation mechanisms. However, in contrast to cadmium, the protective mechanism seemed not to be overwhelmed over the long-term since no significant accumulation of Zn in the pyloric caeca was observed for R30 starfish along the gradient. Alternatively, zinc concentrations in the pyloric caeca could be determined by the accumulation of cadmium. Indeed, Temara et al. [11] found the same pattern of variations in zinc concentrations for starfish exposed to cadmium through food or seawater: An increase in Zn concentrations during the first days of Cd contamination followed by a return to control levels. The early and brief increase in zinc concentrations was suggested to be a protective mechanism against cadmium toxicity [11] that is more important during this early phase [7, 34] . If this were the case in the present study, zinc would not be accumulated naturally but only briefly in response to the accumulation of cadmium. This mechanism would explain the absence of a Zn contamination gradient in the pyloric caeca of R30 starfish along the fjord.
No significant decontamination was found in the body wall of R30 starfish transferred from S1 to S4. This confirms the bioindicator value of the body wall over the long-term: It reflects the contamination occurring months/years before the sampling since the turnover of metals in this compartment is slow. On the contrary, cadmium and lead were significantly depurated from the pyloric caeca. Hence, this compartment cannot retain the contamination information on a period longer than days or weeks. It is logical to find an absence of decontamination for copper and zinc in the pyloric caeca since they were not significantly accumulated in this compartment in the starfish used (S1 starfish, over S4 starfish).
In conclusion, by combining the interpretation of the longterm and short-term accumulations of metals in the Sørfjord, it is suggested that the concentrations of each considered metal are subjected at a different degree to regulating mechanisms. Lead is chronically accumulated, seemingly without hindrance, in the two considered body compartments of starfish. Cadmium is accumulated in both body compartments but, in the pyloric caeca, it is subjected to a regulating mechanism that is overwhelmed over the long-term. Both lead and cadmium are rapidly eliminated from the pyloric caeca when the starfish are returned to noncontaminating conditions. Zinc concentrations are more efficiently controlled in the pyloric caeca (no longterm accumulation of zinc is observed in this organ) but are not efficiently controlled in the body wall. Eventually, copper is tightly controlled in both the pyloric caeca and the body wall.
Differences in metal accumulation between starfish groups
The contamination of B starfish differed from that of R30 starfish. Indeed, B starfish had equally high Cd concentrations in all stations while R30 starfish showed a contamination ranging from very high in S1 to low in S4. This probably reflects a more homogenous contamination source along the fjord for B starfish. The main contamination sources for starfish are water and food [6] [7] [8] [9] [10] [11] [12] [13] . Hence, there would be a homogenous contamination of the water along the fjord which act on B starfish directly, or which acts by homogenously contaminating their food. This could be related to the particular environment in which B starfish live (i.e., low salinity upper waters). The upper layer receives freshwater from the rivers and streams that are abundant at the head of the fjord. Since this low salinity layer does not mix with the deeper layer, it flows over the latter toward the opening of the fjord [24] . As a consequence, the seaward current generated by this mechanism would homogenize the contamination in this shallow zone compared to the deeper water layer in which no such current exists. However, this uniformity was observed only for Cd; the other metals appear less sensitive in this respect. The Cd contamination of R22-26 starfish was intermediate between that of B and R30 starfish. It is possible that R22-26 starfish spend only a part of their time in the upper zone while B starfish remain in this zone constantly. Hence, B starfish would represent a low salinity-adapted variety of starfish as was observed for sea urchins living in a similar environment [35, 36] . Alternatively, one could hypothesize that the uptake of Cd by B starfish is more efficient compared to the other groups due to the increased development of their skeleton, reflecting a higher affinity for metals similar to calcium. This uptake could be at saturation even in the reference station S4, thereby explaining the high contamination of B starfish in this station. Finally, differences in contamination between B and R30 starfish could be due to predation on different species with different contamination levels. Due to the feeding mechanism (extra-oral digestion) of A. rubens, assessing the diet is particularly difficult. Casual observations during this study did not reveal qualitative differences in the preys of the different starfish groups.
The contamination of the starfish groups would indicate differences in the ecology of these groups. Possible adaptations of black starfish to the low salinity upper waters would allow them to remain in this environment, which is stressful but rich in prey, while red starfish live in the high salinity waters and take temporary excursions to the upper layer.
